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[57] ABSTRACT 

A photopolymerizable resin is formed from between about 
50% to 90% by weight of a polymerizable base component, 
between about 1% and 20% by weight of a cross-linker, 
between about 0.5% and 6% by weight of a photoinitiator, 
and between about 0.5% and 20% by weight of a viscosity 
control agent. Preferably the resin has a viscosity above 25 
and below 130 centistokes at 68° F. In a preferred embodi 
ment, the resin includes between about 0.5% and 3.0% by 
weight of fumed silica or ?ne mesh silica as a viscosity 
control agent, and is cured under the combined in?uence of 
heat and actinic radiation to form a clear, hard, plastic optic 
having a refractive index of greater than or equal to 1.50 and 
a scratch resistance greater than or equal to 1.0 in a Bayer 
abrader and hazemeter. A method and apparatus for forming 
improved ophthalmic lenses is also included. 

38 Claims, 7 Drawing Sheets 
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POLYlVIERIZABLE RESIN FOR FORMING 
CLEAR, HARD PLASTICS 

FIELD OF THE INVENTION 

This invention relates generally to compositions and 
methods for making clear, hard plastics from polymerizable 
resins, and in a preferred embodiment is speci?cally directed 
to a resin useful in forming spherical or aspheric, single 
vision, progressive, or multi-focal ophthalmic lenses from 
?nished or un?nished preforrns. 

BACKGROUND OF THE INVENTION 

Lens forming methods are described in application Ser. 
No. 07/779,317, ?led Oct. 18, 1991, which was a continu 
ation in part of application Ser. No. 07/740,946, ?led Aug. 
6, 1991, which was a continuation in part of application Ser. 
No. O7/594,136, ?led Oct. 10, 1990, which was a continu 
ation in part of application Ser. No. 07/446,l5l, ?led Dec. 
5, 1989, which was a continuation in part of application Ser. 
No. O7/422,399, ?led Oct. 12, 1989, application Ser. No. 
07/339,2l7, ?led Apr. 17, 1989, and application Ser. No. 
07/190,856 ?led May 6, 1988, and of application Ser. No. 
07/l14,962, ?led Oct. 30, 1987, now US. Pat. No. 4,873, 
029, all of which are hereby incorporated by reference. 
An excellent summary of conventional compositions, 

methods, and apparatus for making plastic lenses is provided 
in US. Pat. No. 4,879,318, to Lipscomb et al. (All patents 
and other documents mentioned herein are incorporated by 
reference as if reproduced in full below.) In particular, 
Lipscomb et al. teach that conventional lens forming com 
positions include diethylene glycol bis(allyl)-carbonate 
(DEG-BAC), and one or more monofunctional or multifunc 
tional acrylate monomers that can be thermally or radiation 
cured to produce hard, tough, clear, and strain-free optics. 
Photoinitiators may be selected from the group consisting of 
2-hydroxy-2-methyl-l-phenylpropan-l-one and l-hydroxy 
cyclohexylphenyl ketone. The monofunctional or multifunc 
tional acrylate monomers may be selected from tetrahydro 
furfuryl acrylate (TFFA), trimethylol propane triacrylate 
(TMPTA) and tetrahydrofurfuryl methacrylate (TFFMA). 
Lipscomb et al. found that, by mixing DEG-BAC with 

additives or comonomers, its cracking tendency could be 
decreased. The rate of polymerization was increased by 
combining an acrylate containing group with DEG-BAC 
polymer; suitable acrylate groups include tetraethylene gly 
col diacrylate ('ITEGDA), tripropylene glycol diacrylate 
(TRPGDA), trimethylol propane triacrylate (TMPTA), tet 
rahydrofurfuryl methacrylate (TFFMA), and tetrahydrofur 
furyl acrylate (TFFA). 
TI‘EGDA tends to increase the overall rate of polymer 

ization, and tends to reduce the amount of yellowing in a 
?nished lens, but 'ITEGDA also tends to increase lens 
cracking. TRPGDA also increases the rate of polymeriza 
tion, while TMPTA and TTFMA tend to prevent the devel 
opment of patterns and fringes in ?nished lens. TFFA tends 
to reduce cracking and the development of patterns in the 
?nished lens, and also tends to reduce the degree to which 
a lens sticks to a mold; more than 25% by weight of TFFA 
should not be included in a DEG-BAC lens, since a pro 
portion greater than 25% tends to decrease the hardness of 
the ?nished lens. 

Convective striations or optical inhomogeneity, referred 
to as “pattems” or “wavy patterns,” are defects which 
usually occur during early stages of polymerization, during 
which the resin composition is transformed from a liquid to 
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a gel state; once patterns form, they are almost impossible to 
eliminate. Further, when gelation occurs, there is a rapid 
temperature rise due to the exothermic polymerization reac~ 
tion, and, in positive lenses, the temperature can quickly 
reach 85° C., and lead to lens fracture. The exothermic 
reaction also causes an increase in the rate of polymeriza 
tion, which in turn causes a further increase in temperature. 
Therefore, heat exchange with the surroundings must be 
e?icient enough to avoid uncontrolled rapid polymerization, 
which can lead to the appearance of thermally caused 
striations and/or breakage. Thus, the gelation point is a 
critical phase of the polymerization reaction, since the rate 
of polymerization increases rapidly at the gelation point. 
Lipscomb et al. teach that the best quality lenses result 

from a smooth reaction process which is not too fast or slow. 
The heat generated by the exothermic polymerization reac 
tion must not be generated faster than it can be exchanged 
with the surroundings. The resin of Lipscomb et al. is cured 
with ultra-violet light having the intensity adjusted to control 
the reaction rate. Blockage of shorter wavelengths below 
320 nm was found to be absolutely essential by Lipscombet 
al., since the full intensity of ultra-violet light striking the 
glass mold caused breakage of the mold. 
An alternate embodiment of Lipscomb et al. replaces 

DEG-BAC with the monomer 4,4‘-isopropylidene diphenol 
diallyl carbonate (bisphenol A diallyl carbonate) in admix 
ture with faster reacting monomers, such as trimethylol 
propane triacrylate (TMPTA), hexanediol dimethacrylate 
(HDDMA), tetraethylene glycol diacrylate ('ITEGDA), 
tripropylene glycol diacrylate (TRPGDA), and styrene (gen— 
erally, compounds containing acrylate groups polymerize 
much faster than those containing allyl groups). 

Since Lipscomb et al. is directed to forming whole lenses 
in a mold cavity surrounded by a gasket, it is necessary to 
carefully control the cure temperature to avoid cracking and 
to obtain uniform curing throughout the thickness of the 
lens. Lipscomb et al. rigorously control cure temperature by _ 
actively cooling the mold assembly during the cure process 
in order to dissipate the heat of polymerization, and thus 
avoid mechanical deformation or cracking. However, curing 
at a low temperature results in a lower glass transition 
temperature and a lower degree of cross-linking, which leads 
to lenses having a lower scratch resistance, lower durability, 
and a lower Barcol hardness. Further, Lipscomb et al. avoid 
the formation of a gradient of cross-link density through the 
lens, which can occur by having an accelerated rate of cure 
at the surface; formation of such a hard surface is actually 
bene?cial to a ?nal optic, but Lipscombet al. are forced to 
forego this bene?t because of the necessity for curing resin 
layers having a thickness of 5 mm or greater. The resins of 
Lipscomb et al. are formed of low viscosity monomers, and, 
when cured, form optics having relatively low glass transi 
tion temperatures, even though they may reach relatively 
high levels of cross-link density. 

Various other methods for casting monofocal, bifocal, 
progressive, and astigmatic correction lenses are known. 
Generally, all of these methods involve curing of a suitable 
resin in a mold. In all cases, casting of ?nished ophthalmic 
lenses (in contrast to a semi-?nished blanks) over a wide 
range of prescriptions, requires the use of some type of 
restrictive apparatus, which holds the mold forrn(s) in ?xed 
spatial relationship with respect to one another (e.g., gasket 
or edge ?xture). In some cases, a semi?nished or ?nished 
preformed optic (also known as a “blank,” “preformed 
optic,” “preformed blank,” “single vision optic”, etc . . . ) 
forms part of the mold assembly, and becomes part of the 
?nished optic. The various prior art mold apparatus either 
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adjust for the shrinkage of the resin through the use of a 
gasket or edge ?xture, or restrict the range of optical 
prescriptions which can be achieved by forming a lens by 
molding. 

For example, U.S. Pat. No. 4,190,621, to Greshes, dis 
closes the formation of a bifocal lens on a previously formed 
blank lens, by casting the optic between a mold and a 
preform. The preform is placed in ?xed vertically spaced 
relationship to a lower mold in a retaining support apparatus. 
The support apparatus holds an upper mold or preformed 
blank a few thousandths of an inch (greater than or equal to 
0.025 mm) above the lower mold, and thus maintains a 
separation between the mold and the upper mold or pre 
formed blank; an optical resin material is placed in the lower 
mold, such that the upper mold or preformed blank causes 
displacement of the resin material, so that the resin extends 
between the overlapping surfaces of the molds to form a 
desired lens con?guration (prescription). 

In the absence of the support apparatus, the upper mold or 
preformed blank of Greshes would sink down into the resin, 
so there would not be a su?iciently thick resin layer between 
the preformed blank (or upper mold) and the lower mold to 
form an acceptable optic. Thus, in order to form lenses of 
differing prescriptions, numerous different supports are 
required, which provide for differing separations between 
the lower mold and the upper mold or preformed blank. The 
apparatus and method of Greshes are incapable of forming 
plus or minus power progressive lenses which necessitate 
curing a thick (greater than 1.0 mm) resin layer at or about 
the progressive addition area, while maintaining an accept 
able edge thickness. 

There are numerous other ophthalmic lens forming meth 
ods disclosed in the prior art. For example, U.S. Pat. No. 
3,946,982, to Calkins, utilizes two mold portions held 
together by a gasket; one of the mold portions includes a 
bifocal segment. A liquid resin is injected into the cavity 
formed between the two molds and cured. U.S. Pat. No. 
4,873,029, to Blum, discloses a thermal casting method, 
which involves the use of either two molds and an inter 
vening resin layer sealed into a mold assembly by a gasket, 
or a mold and a single vision wafer (preform) sealed into a 
mold assembly by a gasket. It is undesirable to use gaskets, 
since gaskets impose critical limitations on “point of use” or 
“in-office” optics casting processes, such as (l) a very large 
number of gaskets have to be stocked in order to cast on 
demand a practically useful range of prescriptions, (2) it is 
more di?icult to perform the assembly and the ?lling process 
of a molding apparatus using gaskets, (3) gaskets impose a 
limitation on the relative size of a preformed optic or blank 
and a mold (e.g., a smaller preform can not be used with a 
larger mold), and (4) gaskets cause shadowing at the lens 
edges or leave the edges uncured in a photocuring process. 

U.S. Pat. No. 4,623,496, to Verehoven, discloses a method 
of casting aspheric lenses from a spherical substrate in 
which the substrate matrix can be positioned without a 
guiding mechanism, and uses a weight to press a substrate 
into resin placed in a mold to form a very thin resin layer. 
Verehoven achieves this by severely restricting the range of 
prescription (i.e., thickness of the cast polymer layer), and 
by limiting the range of radii of curvature, and hence the 
spherical power of the substrate. In order to achieve the 
desired separation between the substrate and the matrix, a 
series of in?ection points is situated in a circle at the point 
where the substrate and matrix are closest to each other. 
Verehoven accepts limitations on the range of radii of 
curvature and power of the resulting lenses in order to 
minimize problems due to shrinkage of the resin during the 
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4 
cure process. Further, due to the thinness of the cast layers 
of Verehoven around the infection points, the resulting 
lenses will not evenly tint. 

U.S. Pat. No. 2,339,433, to Staehle, discloses the casting 
of monofocal or multifocal lenses by adding a correction to 
a molded plastic lens; a thin, relatively uniform layer of 
plastic is cast onto a single vision optic in order to form a 
monofocal optic, and the resin layer is then thermally cured. 
The resin must have the same refractive index as the 
preformed plastic lens. It is not possible to produce bifocal 
or multifocal lenses having a wide range of prescriptions 
with Staehle’s method, and the method is only useful for 
adding a thin, relatively uniform layer of plastic to a single 
vision optic in order to form a monofocal optic. 

U.S. Pat. No. 3,248,460, to Naujokas, discloses a method 
for casting multifocal lenses, in which a base blank is used, 
having a curvature only about half of the curvature of the 
predetermined power of the ?nal optic. The limitation in the 
curvature of the preformed lens blank is necessitated by the 
need to control variation in the thickness of the liquid resin 
layer to be cured in order to form the ?nal optic over the 
entire optic surface. 

U.S. Pat. No. 4,166,088, to Neefe, discloses formation of 
plastic lenses by curing a mixture of a liquid monomer and 
a photosensitive initiator in a mold cavity formed between a 
pair of spaced apart molds, and uses ultra-violet light to cure 
the resin. U.S. Pat. No. 4,298,005, to Mutzhas, discloses a 
suitable ultra-violet source for curing of optical resins. U.S. 
Pat. No. 3,038,210, to Hungerford et al., and U.S. Pat. No. 
3,222,432, to Grandperret, disclose methods and apparatus 
for thermally curing lens forming materials in mold cavities. 
Likewise, U.S. Pat. No. 4,758,448, to Sandvig et al. dis 
closes a method for forming thin (0.5 to 50 microns), 
optically clear abrasion resistant coatings on optical sur 
faces. 

Australian Patent Document No. 80556/87, to Squires, 
discloses a method of casting a layer of polymeric material 
onto the surface of a single-vision molded ophthalmic lens, 
which includes roughening the front surface of the single 
vision lens to enhance subsequent adhesion of the cast-on 
polymeric material, and removal of unwanted cylinder by 
placing a weight onto the periphery of a single-vision lens, 
resting in a mold of correct curvature. A small quantity of 
catalyzed monomer is placed between the single-vision lens 
and the mold, which are held in spaced relationship to one 
another by a jig, and the monomer is cured by either heat or 
UV radiation. Unwanted astigmatism is removed by sub 
jecting the preform to a one-half kilogram load during 
curing, and, following curing, by separating the multifocal 
lens from the mold at about 60° C. 

Prior art optical lens casting methods either require the 
use of a gasket surrounding a mold to retain the lens forming 
resin, or utilize a method and resin which is incapable of 
fomiing the full range of prescriptions required by opticians; 
in particular, the prior art does not disclose a resin or method 
of using same, which is suitable for forming high quality, 
aspheric or spherical single vision, multifocal, or progres 
sive optics over a wide range of prescriptions and diameters 
in a fast, simple manner from a semi-?nished or ?nished 
preformed optic. 

Thus, there is a need for new resin formulations for use in 
casting of plastic optics and methods of forming plastic 
optics therefrom. In particular, there is a need for a fast and 
simple method for forming plastic optics which have a 
refractive index greater than or equal to 1.48 and abrasion or 
scratch resistance higher than 1.0 (as determined by a Bayer 
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abrader and a hazemeter). There is also a need for an optical 
resin and method of using same for fast and easy formation 
of aspheric or spherical single vision, aspheric, multifocal, 
or progressive optics over a wide range of prescriptions from 
a ‘?nished or semi-?nished blank or preform. Further, there 
is a need for a process which can utilize optical preforms of 
widely ranging size and/or shape which will be compatible 
with standard optic molds, and which will quickly form 
plastic lenses which will meet or exceed ANSI standards for 
ophthalmic lenses and/or which are optically functional and 
cosmetically acceptable. 

OBJECTS OF THE INVENTION 

Thus, it is a primary object of the present invention to 
provide a resin formulation which can be easily and quickly 
utilized to form high quality optics. 

It is a further object of the present invention to provide a 
resin which can be easily and quickly utilized to form a wide 
range of ?nished single vision, multifocal or progressive 
optics from semi-?nished or ?nished blanks, without requir 
ing the use of gaskets or other restrictive apparatus for 
maintaining spacing between a mold and a preformed blank. 

It is also an object of the present invention to provide a 
' method and an apparatus to use with the method for forming 
hard plastics. 

SUMMARY OF THE lNVENTION 

The aforementioned objects, and other objects of the 
present invention which will become apparent in the ensuing 
description, are achieved by the improved resin formulation 
of the present invention and methods for making and uti 
lizing same to form optical lenses. 
The resin formulations of the present invention may be 

used to cast plastic optics having a refractive index up to and 
greater than 1.48, and an abrasion resistance up to and higher 
than 1.0 in a Bayer abrader and hazemeter. The resin 
formulations of the present invention may be cast inside a 
mold assembly comprising a preformed optic and a mold to 
form a ?nished spherical or aspheric single vision, multifo 
cal, or progressive optic in one step. A preferred casting 
process involves a thermally activated photochemical poly 
merization step, and utilizes a single apparatus, which 
dispenses precise amounts of resin into optical molds 
depending on the desired prescription, mold, and preformed 
blank, and provides for subjecting a mold assembly ?lled 
with resin to a carefully regulated amount of heat and actinic 
radiation su?icient to cure the resin and to form a ?nished 
single vision, spherical or aspheric, multifocal, or progres 
sive optic. 

It has been surprisingly discovered that, by use of the 
resin formulations of the present invention having a viscos 
ity between 25 and 130 centistokes at 68° F., preferably 
between about 35 and 120 cst at 68° F., it is possible to form 
lenses of any prescription and base power without the use of 
a con?ning gasket during the casting process. Preferred 
resins are formed by mixing monomers of appropriate 
viscosities, or by adding solid or liquid high viscosity 
polymeric additives to a resin formulation which is other 
wise optimal for molding optics or for casting resin onto a 
preformed blank. If polymeric additives are used to adjust 
the viscosity, cross-linking agents having a large number of 
reactive functionalities are used to create high cross-link 
densities to compensate for the decrease in overall cross 
linking brought about by the polymeric additives. 
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6 
A preferred casting process involves carefully relating the 

volume of polymerizable resin placed inside the cavity of a 
mold assembly formed between a preformed optic and a 
mold to the overall diameter of the preform, the radius of 
curvature of the mold and of the preformed optic, and the 
desired add power of any multifocal or progressive segment; 
thus, the volume of optical resin used will depend upon the 
added layer geometry to be added, which will depend on the 
mold and preform. Further, a preferred casting process 
adjusts for the changes in viscosity of the polymerizable 
resin due to (1) changes in temperature and (2) cross-linking 
of the resin; as temperature increases, viscosity decreases, 
and as the degree of cross-linking increases, the viscosity 
increases. In a preferred process, the polymerizable resin is 
initially cured at a low temperature, then this cure tempera 
ture is increased to oifset the increase in viscosity due to 
cross-linking; insu?icient viscosity will not provide for a 
su?iciently thick resin layer between the preformed optic 
and the mold in a mold assembly, while too high a viscosity 
will result in a decreased diffusion rate within the resin, 
resulting in less uniform curing and a slower cure rate, 
leading to the formation of undesirable wavy patterns and 
lower yields. 

In a preferred embodiment, the quantity of resin required 
ranges between 0.30 and 8.0 ml to cast ?nished single 
vision, aspheric, multifocal, or progressive optics from 
preforms having spherical powers ranging from +6.00 diopt 
ers to —6.0 diopters (+6.00 D to —6.00 D), and cylinders, if 
necessary, up to 3.00 D, with appropriate add powers in the 
range of +1.00 D to +3.25 D. Preferably, a mold temperature 
pro?le is prepared, which speci?es the mold assembly 
temperature (e.g., mold, preformed optic, and resin) at all 
times during the curing process and the resin is cured under 
the influence of actinic radiation, while conforming to the 
mold temperature pro?le; preferably ultraviolet radiation, 
having a wavelength between 320 and 400 nm, is used to 
cure the resin. 

In order to obtain optimal yield of acceptable optics, it is 
critical that exposure to actinic radiation not begin until the 
mold assembly temperature is above about 80° F., but below 
about 130° F. Further, it is critical to obtain an optimal yield 
of acceptable optics that the temperature of the mold assem 
bly during curing not exceed 180° F., otherwise delamina 
tion or cracking may occur with undesirable frequency. If ' 
the mold assembly is not raised to at least 165° F. during 
curing, an unacceptable amount of lenses will be too soft or 
insu?iciently cured. Preferably, the mold assembly is 
exposed to actinic radiation when the mold assembly is at a 
temperature of about 115° F., and the temperature of the 
mold assembly is gradually increased while being exposed 
to actinic radiation to about 170° F. 

In order to increase yields of quality optics, the resin is 
initially cured by exposure for brief intermittent periods of 
time to ultraviolet radiation, following a regular sequence of 
alternating dark and illuminated periods of time (“blink 
ing”). 

In a preferred embodiment, ?nished ophthalmic lenses are 
formed in an apparatus which includes a curing chamber, 
where mold assemblies, comprising a mold, preform, and 
resin, are subjected to a carefully regulated temperature 
ramp combined with exposure to actinic radiation, prefer 
ably ultraviolet radiation. A preferred apparatus isolates the 
heating source from the actinic radiation source, so as to 
provide for improved ef?ciency in the generation of actinic 
radiation and prolong the life of the actinic radiation source; 
this also provides for improved control over application of 
heat and actinic radiation to the samples in the curing 
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chamber. The preferred apparatus is also provided with a 
“chopper” which allows for intermittent or continuous expo 
sure of the sample to actinic radiation; control of the 
temperature and exposure to actinic radiation is controlled 
by a microprocessor. In a preferred embodiment, the curing 
chamber provides for placement of a mold holding tray in 
the chamber, upon which rests one or more mold assemblies. 

Preferred resin formulations include a base component, 
cross-linker, viscosity control agent, and initiator. Suitable 
base components are allylic derivatives, such as diethylene 
glycol bisallyl carbonate (such as that sold under the trade 
name CR-39 by PPG), and bisphenol A diallyl carbonate, 
and acrylates, such as methyl methacrylate, butyl methacry 
late, propyl methacrylate, acrylic terminated glycidyl ethers, 
acrylic terminated esters, or acrylic terminated polyurethane 
oligomers derived from aliphatic isocyanates and aliphatic 
or alicyclic or aromatic hydroxy derivatives ranging in 
molecular weight from 800 to 5000. 

Suitable cross-linkers include trifunctional acrylates, such 
as trimethylol propane triacrylate (TMPTA), tetrafunctional 
acrylates, such as pentaerythritol tetraacrylate (PT ETA), and 
pentafunctional acrylates, such as dipentaerythritol pen 
taacrylate (DPEPA). 

Suitable viscosity control agents include a co-polymer of 
methyl methacrylate and allyl methacrylate (such as Luchem 
from PPG), polymethyl methacrylate (PMMA) molding 
powder, and ?ne mesh silica or fumed silica (such as 
Cab-o-sil from Cabot). Fumed silica is particularly preferred 
since it is effective in controlling viscosity, enhances the 
optical clarity and transparency of the resultant optic, and 
leads to improved scratch resistance. The silica particles 
may be given one or more surface treatments prior to use, 
e.g., silanation, comprising treatment of silica particles with 
a silane derivative. 

In certain embodiments, it is desired to use a mold release - 
agent. Preferred mold release agents include acrylic termi 
nated siloxanes or per?uoralkyl derivatives having low 
polymerization reactivity (such as a per?uoroalkyl sulfona 
mide methacrylate known as FX-l3, available from 3M 
Corporation); these agents are believed to migrate to the 
surface of the mold during polymerization, providing mold 
release properties to the resultant optics. The addition of 
mold release agents may alter viscosity; addition of the 
preferred mold release agents can lead to an increase in 
viscosity, thus reducing the required quantity of viscosity 
control agent needed to obtain a desired viscosity of the 
resulting unpolymerized resin. The preferred mold release 
agents are believed to develop a surface which is resistant to 
adhesion of dust or soil particles to the optic. 

Preferred photoinitiators include aromatic ketones, such 
as 2-hydroxy-2-methyl-l-phenyl-propan-l-one (sold as 
Darocur 1173 by EM Industries, Inc.), and l-hydroxycyclo 
hexyl phenyl ketone (sold as Irgacure 184 by Ciba Geigy). 

Preferred resin compositions are readily photocured in 30 
minutes or less when cast onto the surface of a preformed 
optic blank. Acrylic—based components, which have a higher 
polymerization activity, can be photocured in ?ve minutes or 
less when used to cast a prescription onto a preformed blank. 

The resins of the present invention are preferably cured by 
careful control of the intensity of the curing radiation and 
temperature of the curing assembly throughout the cure 
process, and by control of the concentration of oxygen and 
polymerization inhibitors in the system. 

In an alternate embodiment, improved results are 
achieved by developing a non-uniform polymerization pro 
?le throughout a layer of resin cast onto a ?nished or 
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8 
semi-?nished blank (in contrast to the accepted prior art 
practice of uniformly photocuring thin and thick resin lay 
ers). 

Thus, the present invention provides a method for casting 
of spherical or aspheric single vision, multifocal, or pro 
gressive optics for ophthalmic lenses, and in a preferred 
embodiment (1) uses a spherical or aspheric optical preform 
and a mold made of glass or any other material capable of 
transmitting or re?ecting UV radiation between 320—400 
nm, (2) uses a speci?ed volume of a photocurable resin 
system having a viscosity or density su?icient to support an 
optical preform above a mold, such that a gasket or other 
apparatus is not needed to maintain the correct spaced 
relationship between the preform and the mold, and (3) can 
form spherical or aspherical optics incorporating refractive 
corrections, such as monofocal, multifocal, or progressive 
optics with all types of power contours, astigmatism and 
optical prism, all of which may be prescribed either alone or 
in combination. 

The present invention will be better understood from the 
following detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a top plan view of a mold and a preformed lens 
(in dashed lines) showing physical displacement of the 
optical center (indicated by a “+” sign) of the preformed lens 
with respect to the mold portion corresponding to an optical 
segment, and also showing the astigmatic axis (indicated by 
dashed line 42) ?xed for a speci?c prescription. 

FIG. 2 is a top plan view of a mold and a preformed lens 
(dotted line) centered above a protractor. 

FIG. 3 is a cross sectional view of a mold assembly 
constructed in accordance with the present invention. 

FIG. 4 is a cross sectional view of a mold assembly for 
casting a layer onto the convex side of a lens in accordance 
with the present invention. 

FIG. 5 is a cross-sectional view of a mold assembly 
constructed in accordance with the present invention for 
forming a negative lens correction. 

FIG. 6 is a cross-sectional view of a mold assembly 
constructed in accordance with the present invention having 
a positive lens correction. 

FIG. 7 is a perspective view of a mold holding tray for 
holding mold assemblies in accordance with the present 
invention. 

FIG. 8 is a top plan view of the mold tray of FIG. 7. 
FIG. 9 is a top plan view of an alternative embodiment of 

a mold holding platform. 
FIG. 10 is a perspective cross-sectional, partially cut 

away, view of a curing apparatus for use in performing the 
present invention. 

FIG. 11 is a mold temperature pro?le for achieving 
optimal results using the process of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In-of?ce lens casting, which requires use of optical gas 
kets is very demanding with regard to the number of 
different conventional optical gaskets needed and the inven 
tory necessary to produce different ?nished lens prescrip 
tions. In one such system, hundreds of conventional optical 
gaskets must be maintained in inventory and constantly 
replaced (after one use) to allow production of all prescrip 
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tions. Further, several hundred expensive back molds are 
required to match each gasket. Approximately 200 “optical 
center movers” (OCMs) must also be inventoried to relocate 
or decenter the optical center. These OCMs are also not 
reusable and must be constantly replaced. The need to 
maintain and replace this varied inventory of conventional 
optical gaskets and OCMs contributes signi?cantly to the 
cost of lens casting. In the case of in-of?ce lens casting, 
these components can account for approximately 32% of the 
materials cost of casting a lens using such a system. 

By casting aspheric curves, optical segments, or other 
multifocal or progressive regions on the surface of a pre 
formed lens, a wide variety of lens designs can be achieved 
quickly and inexpensively. Such a method decreases the 
large number of di?'erent mold combinations usually needed 
to cast multifocal and progressive lenses. Also it eliminates 
the large, expensive and cumbersome number of conven 
tional optical gaskets and optical center movers, OCMs, 
customarily used in in-o?ice lens casting. In most instances, 
the lenses produced according to the invention also do not 
require additional surfacing to achieve the proper prescrip 
tion and can eliminate the additional step of surfacing prism 
into the ?nished lens to relocate,the optical center. The 
methods of the present invention allow production of spheri 
cal or aspheric single vision, bifocal, multifocal, and pro 
gressive from previously formed prescription lenses. In 
essence, the preformed lens serves as a mold which is 
consumed during the casting process and forms a part of the 
?nished lens. 

It should also be noted that the preformed lens and mold 
used in practicing the various embodiments of the present 
invention need not have the same base curve; thus, it is 
possible to form lenses having thicker edges or centers (i.e., 
plus and minus power lenses or lens corrections). 
The methods of the present invention can also be used to 

convert preformed spherical single vision, multifocal or 
progressive lenses into aspheric lenses by adding material to 
the lens surface. In such embodiments, the cavity fonned by 
the preformed lens and the molds corresponds to the desired 
shape of the surface needed to create the aspheric effect. 

In contrast with traditional lens casting methods, the 
methods of the present invention provide lenses relatively 
quickly and at signi?cantly less cost. Using the methods 
disclosed herein curing with heat and ultraviolet light 
requires approximately 30 minutes, and no surfacing is 
required. Thus, the present invention provides means for 
producing ophthalmic quality spherical or aspheric, multi 
focal, and progressive lenses in approximately 1 hour or 
less, starting with liquid resin and ending with the ?nished 
lens in the frame. This allows delivery of prescription lenses 
upon request and without having the patient wait a signi? 
cant time. 

A preferred method for making a ?nished lens having an 
spherical or aspheric, multifocal, or progressive region uti 
lizes a mold assembly, having a mold, an optical quality 
resin composition, and a preformed plastic lens having a 
predetermined lens correction at its optical center, and, in 
some cases, a semi?nished preform is used which has no 
power. The preformed lens in combination with the mold 
forms a cavity for enclosing and shaping the resin compo 
sition. The resin is then cured and forms a shape correspond 
ing to the shape of the cavity. 
The ?nished optical lenses made in accordance with such 

methods provide a ?rst lens correction, for example at their 
optical centers, and may have a second region removed from 
the optical center (i.e., the multifocal or progressive region) 
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which provides a second lens correction 
A method is also provided for fomiing such a multifocal 

lens in multiple stages. A preformed lens is ?rst cast as 
described above to provide an intermediate lens having an 
intermediate lens correction at the second region, the mag 
nitude of which is between the magnitudes of the ?rst lens 
correction and the second lens correction. The intermediate 
lens is then ~cast again as described to provide a lens 
curvature at the second region corresponding to the second 
lens correction (and a carrier, if used). 

Lenses made in accordance with another embodiment the 
present invention are also disclosed in which addition of a 
multifocal optical segment creates a bene?cial positive 
transition in the ?nished lens. Such lenses provide at least a 
third lens correction and a fourth lens correction. The third 
lens correction is provided by a third region adjacent to the 
optical segment and is located between the optical center of 
the preformed lens and the center of the segment. The fourth 
lens correction is provided by a fourth region within the 
segment and is located between the optical center of the 
preformed lens and the center of the segment. As described 
further below, the magnitude of the third lens correction is 
between the magnitudes of the ?rst lens correction and the 
fourth lens correction; and the magnitude of the fourth lens 
correction is between the magnitudes of the second lens 
correction and the third lens correction, such that a gradual 
discontinuous change in prescription is provided. This phe 
nomenon has been observed mainly in connection with 
addition of a ?at top optical segment. 
The methods of the present invention can be used to add 

a multifocal or progressive region to a front lens surface, a 
back lens surface or both. Preferably, the curvature of the 
lens is changed over only a portion of a surface of the 
preformed lens to form an “optical segment”. The methods 
of the present invention can be used to form lenses of almost 
any multifocal or progressive optical con?guration includ 
ing without limitation aspheric, bifocals, trifocals and pro 
gressive lenses. When a multifocal or progressive lens is 
produced, the preformed lens can be treated in accordance 
with the invention to provide an optical segment providing 
a second lens correction (e. g., bifocal), a third lens correc 
tion (e.g., trifocal), etc., each of which is different from the 
distance lens correction of the preformed lens (i.e., at its 
optical center). In such embodiments the mold is fashioned 
to correspond to the desired shape of the aspheric, multifo 
cal, or progressive region of the resulting lens and any 
carrier layer, if used. The disclosed methods can .also be 
used to change the power on portions of the preformed lens, 
to create prism, and to produce multifocal or progressive 
lenses from preformed lenses. 
The methods of the present invention are useful with 

respect to any preformed “plastic” optical lens regardless of 
the manner in which such lens was formed. As used herein 
a “plastic” lens is one fashioned from optical quality resin 
materials. 

Although optical segments can be placed in any location 
on the lens, for normal applications, the optical segment 
should be properly located to avoid adverse prismatic 
effects. Optimally, an optical segment should be positioned 
approximately 1.5 mm left or right and 3-5 mm down from 
the optical center of the lens for normal eyeglasses. In 
certain applications, such as workman’s glasses for close 
vision above the wearer’s head, the optical segment can be 
optimally located approximately 1.5 mm left or right and 
3-5 mm above the optical center of the lens. Other locations 
of the optical segment can also be used as long as the optical 
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center and the segment are properly aligned. 
The methods of the present invention can also be for 

properly orienting the optical center of the lens with respect 
to the multifocal or progressive region. Also they can be 
used to cast compensating base-down prism in conjunction 
with casting a progressive lens. Appropriate lens designs 
providing prismatic effects will be apparent to those skilled 
in the art. Where creating prism is desired, the casting mold 
is con?gured and positioned with respect to the preformed 
lens to provide the required additional thickness in the 
resulting lens. The mold and the preformed lens may be 
properly oriented by spacers which provide the desired 
separation, corresponding to the required thickness for 
inducing the prismatic effects sought. Such spacers can take 
any form, including wedges, and can be fashioned from any 
suitable material. 
The optical center can be moved or displaced, as shown 

in FIG. 1, by physically moving the optical center 25 of 
preformed lens 14 to align with the desired location just 
above the edge (or ledge) 19 of the multifocal region 24 in 
the case of a multifocal lens or to the proper mold position 
in the case of a progressive lens, then casting the new lens 
surface. Since the method of the present invention does not 
employ a conventional optical gasket, such dislocation of 
the prefonned lens with respect to the mold is possible. 
Conventional methods employing a conventional optical 
gasket make such dislocation virtually impossible because 
the conventional optical gasket will not allow movement of 
the lens with respect to the mold. It should also be noted that, 
when dislocating the preformed lens in relation to the mold 
as just described, more useful lens cut out area can be 
produced by increasing the size of the mold and the pre 
formed lens as well as decentering the preform with respect 
to the mold, thus producing a larger useable ?nished lens 
surface. However, either the preformed lens or the mold can 
be the larger in size to achieve the desired displacement or 
decentration, or the preformed lens and the mold can be the 
same size and simply moved relative to each other. 

In some lens designs, adjustments must be made to 
accommodate astigmatism in the prescription of the ?nished 
resulting lens. In such cases, the preformed lens and mold 
must be rotated with respect to each other to a degree 
corresponding to the proper astigmatic axis. The preformed 
lens and mold can either be contacted at the proper angle or 
can be rotated with respect to each other after contact. The 
mold and/or preformed lens can optionally be provided with 
appropriate markings (e.g., protractor lines) for detennining 
the proper astigmatic axis. 

Alternatively, the mold and preformed lens can be 
assembled while situated above a circular protractor such as 
that shown in FIG. 2, which serves to align the astigmatic 
axis, etc. FIG. 2 is a top view of a mold assembly centered 
over a circular protractor. Mold 30 may rest in a mold holder 
or mold holding tray, such as that shown in FIGS. 7, 8, and 
9. Preform 40 is ?oated on resin in mold 30. The protractor 
50 has angle demarcations 52, and also has a point, not 
visible in FIG. 2, at it’s center, which is aligned with the 
geometric and/or optical center of the mold, which is indi 
cated by a cross 32 etched in the center of the bottom of the 
mold (e.g., the surface opposite from the molding surface of 
mold 30). The protractor also has an “L” 34 and an “R” 36 
denoting the proper alignment of the mold in relation to the 
preform for molding a progressive lens for the left and right 
eye, respectively, which would be aligned beneath a corre 
sponding “L” and “R” etched on the bottom of mold 30, if 
mold 30 was a centered progressive mold (note that mold 30 
is not a progressive mold for this example, but rather a 
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?attop bifocal mold). (Note that the preform, the resin (not 
visible in FIG. 2), and the mold are transparent.) Lines 37, 
38, and 39 are provided for reference only, and are not 
present in a normal mold assembly according to the present 
invention. In aligning the astigmatic axis of the preform with 
respect to the mold, indicator marks on the periphery of the 
preform (which indicate the astigmatic axis of the preform) 
are rotated with respect to the axis 54 of the protractor to 
obtain the correct astigmatic correction in the ?nished lens. 
The astigmatic axis of the preform is represented by line 42 
(line 42 is not visible on actual preform). 

In casting a multifocal segment containing layer onto a 
preform, it is important to properly orient the optical center, 
the multifocal region and the astigmatic axis of the ?nished 
lens with respect to each other. This can be achieved by 
combining the methods described above for inducing pris 
matic effects and for aligning the astigmatic axis. In another 
embodiment, a preform is placed in a lensometer, rotated to 
the correct axis, and indicator markings are placed on the 
preform, which are then used to properly orient the preform 
with respect to markings on the mold. 

Generally, the preformed lens is transformed by casting a 
layer of optical quality resin material on at least a portion of 
the preformed lens surface. As shown in FIG. 3, the contours 
of the casting are determined by mold 10. Mold 10 is shaped 
such that the cavity 12 formed between lens 14 and mold 10 
corresponds to the desired change in curvature of the lens, 
including the multifocal or progressive region (e.g., optical 
segment 16) and non-prescription carrier layer 18, if used. 
Similarly, as shown in FIG. 4, mold 10 can be fashioned 
such that the cavity 12 de?nes a new structure on the back 
surface of the preformed lens 14 such that the surface is 
changed to provide the desired lens design. 

With reference to FIG. 5, mold 10 may have a molding 
surface 11 which has a different radius of curvature than 
casting surface 13 of lens 14. Thus, cavity 12, when ?lled 
with resin, will produce a layer which is thicker at it’s 
periphery than at it’s center (a minus power correction). 

With respect to FIG. 6, mold 10 has a molding surface 11, 
which has a greater radius of curvature than casting surface 
13 on lens 14 so that cavity 12, when ?lled with resin, will 
produce a positive lens correction (e.g., a lens being thicker 
at it’s center than at it’s periphery). 

Molds can be made from any material which will provide 
an optical quality surface when used for casting and will 
transmit or re?ect UV radiation, such as, but not limited to, 
Crown glass or metal. Means for making appropriate molds 
and for fashioning such molds for use in accordance with the 
present invention are known in the art. 

To cast the new lens surface, an optical resin monomer 
material is dispensed onto the mold, the preform “?oated” or 
carefully positioned over/on the resin layer so as to avoid 
generating bubbles in the liquid, and then exposing the mold 
assembly formed to curing conditions of heat and actinic 
radiation. 

Certain materials used to “hardcoat” lenses (such as those 
described in US. Pat. Nos. 4,758,448 and 4,544,572, which 
are incorporated herein by reference) may be used on the 
surface of the lenses or can be blended with other resins for 
use in practicing the present invention. Furthermore, the 
resultant lens can be a composite of high index plastic 
materials and more scratch resistant materials. 

It has been found that fumed or ?ne mesh silica serves as 
a viscosity control agent, and also enhances the scratch 
resistance of an optic upon the surface of which is cast a 
layer containing a plastic concluding the silica. The maxi 
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mum concentration of silica which can be incorporated into 
the resin, without causing haze or milkiness in the ?nished 
optic, depends on the surface chemical composition of the 
silica (or glass) particles. Fumed silica has a surface layer 
rich in hydroxyl groups, hence it’ 5 surface is hydrophilic; the 
maximum concentration of fumed silica in a hydrophobic 
resin formulation (such as one containing 92% by weight 
DEG-BAC, 5% by weight PTETA, and 3% by weight 
IRGACURE 1173) is 3.5%, and preferably no more than 
3.0% by weight. Treatment with a reactive silane derivative 
renders the surface of ?ne mesh silica hydrophobic; there 
fore, more than 3% by weight silica can be incorporated in 
this resin formulation to form a homogenous mixture. Simi 
larly, other surface treatments, such as, but not limited to, 
treatment with an aminosilane, may be used for optimum 
properties. The resin material should, however, be chosen 
such that, upon curing, the material will both harden and 
bond with the material of the preformed surface of the lens. 

In preferred embodiments, both the preformed lens and 
the resin material used to recast the lens surface are the same 
or similar material. Use of the same or similar materials 
prevents separation or “crazing” (i.e., cracking) of the new 
surface from the preformed lens as a result of different 
expansion/contraction rates for the preformed lens and 
recasting materials. Applicant also believes that use of the 
same or similar materials may allow formation of intermo 
lecular bonds between the new resin and the surface of the 
preformed lens. 

Coatings can also be provided to the resultant lens by 
transferring coatings from the mold to the resultant lens. In 
such embodiments, the mold is ?rst coated with the material 
to be transferred to the lens, such as anti-scratch, anti 
re?ective, photosensitive or hard coatings. The coated mold 
is then employed as described herein. If the coating material 
has a greater a?inity for the lens resin material than for the 
mold surface, the coating will be transferred to the surface 
of the resultant lens. Suitable materials and means for 
applying them are known in the art, including without 
limitation those disclosed in U.S. Pat. Nos. 4,758,448 and 
4,544,572. 

Ultraviolet curing allows use of tinting agents in the resin 
composition which would be decomposed or volatilized 
during thermal curing processes. If UV curing is used, 
tinting agents may be added to the resin composition before 
curing and incorporated relatively uniformly into the result 
ing ?nished lens. Since in some cases signi?cant heat does 
not need to be employed in the UV curing process the tinting 
agent is retained by the resin material during the curing 
process. This is accomplished because no peroxide-based 
thermal initiator is used therein. However, in a preferred 
embodiment, tinting is performed after the lens is cured. 
The preformed lens and mold may be separated by 

spacers which maintain a desired separation between the 
lens and the mold, thus providing a recast surface of a 
desired thickness. 

Any suitable material, for example, small pieces of tape, 
can be located between the lens and mold at various points 
around the periphery of the lens/mold assembly. Using 
carpet tape provides a surface approximately 0.4 mm thick, 
while use of scotch tape provides a surface 0.2—0.3 nun 
thick. Spacers can also be constructed from material that is 
the same as or similar to the preformed lens and/or the resin 
composition. Upon curing, such a spacer could become 
incorporated into the ?nished resulting lens. Such layers cast 
in accordance with the present invention have been mea 
sured as thin as 0.025—0.05 mm thick. 
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Once the mold and the preformed lens are assembled, the 

resin material in the resulting cavity must be cured to harden 
and bond with the preformed lens surface. The resin material 
may be cured in any manner appropriate to the composition 
of such material. 

With reference to FIGS. 7 and 8, a mold holding tray 60 
is illustrated. Tray 60 is formed of supports 62 and platform 
64; openings 66 are provided in platform 64. Although two 
openings 66 are shown in FIGS. 7 and 8, a larger tray may 
be used, having a greater number of openings 66. Movable 
?ngers 68 are provided at the periphery of opening 66. In a 
preferred embodiment, three ?ngers 68 are equidistantly 
spaced about the periphery of opening 66 and project 
su?iciently far into opening 66 to support a mold assembly, 
which is formed of a mold 70 having a preform 72 floating 
on resin on the molding surface of mold 70. With reference 
to FIG. 7, note that supports 62 have opposed U-shaped slots 
74. In a preferred embodiment, a rectangular card having a 
length and width substantially equal to that of platform 64 
can be inserted into opposed slot 74. Upon the inserted card 
are protractor designs which are aligned with openings 66, 
so that preforms 72 can be aligned properly with molds 70. 
After aligning the preforms with the molds, the protractor 
card can be removed and the entire tray 60, or just platform 
64, can be inserted into a curing chamber, such as that shown 
in FIG. 10. Note that ?ngers 68 can be adjusted to situate a 
mold 70 at an angle in order to create, for example, prism. 

In an alternate embodiment shown in FIG. 9, a mold 
holding platform 64 has annular ring 76 which is supported 
in opening 78 by pins 80. Fingers 68 are ?xed in annular ring 
76, and support a mold assembly 82. 

Annular ring 76 is rotatably mounted by two pins pro 
jecting from opposed sides of opening 66, which allows 
points on the mold periphery to be vertically displaced with . 
respect to one another; this is especially useful to compen 
sate for any shifting tendency of a preform which has its 
geometric center displaced with respect to the geometric 
center of the molding surface in a mold. In other words, 
aligning the optical center of a preform with a corrective 
segment in a mold may cause the preform to tip or rock at 
an angle from horizontal; when the preform is contacted 
with resin in a mold, and is at an angle, tipping of the mold 
can cancel any tendency of the preform to shift with respect 
to the mold. 

With regard to FIG. 10, a cross-sectional, partially cut 
away perspective view of a preferred curing chamber is 
presented. Top and bottom walls 80 and 82, respectively 
meet side walls 84 and 86 respectively at opposed edges. 
The parallel edges of walls 80, 82, 84, and 86 meet a back 
wall 88 to de?ne an enclosure. A door or cover (not shown) 
is provided in a preferred embodiment to completely sur 
round the enclosure. Horizontal dividing walls 90 and 92 
create a curing chamber 94 therebetween. Dividing walls 90 
and 92 are formed of an opaque material, which does not 
allow transmission of actinic radiation into chamber 94. 
However, dividing walls 90 and 92 are provided with 
openings or windows 96, which preferably are covered with 
a material transparent to actinic radiation. Separate cham 
bers 98 and 100 are formed between dividing wall 90 and 
wall 80 and between dividing wall 92 and wall 82, respec 
tively. Chambers 98 and 100 include actinic radiation or UV 
radiation sources 102 and choppers 104. Choppers 104 are 
driven by a mechanism (not shown), which is preferably 
controlled by a microprocessor. Choppers 104 include a disk 
106 having a UV transparent portion 108 and opaque 
portions 110. Once opaque portions 110 are aligned with 
openings 96, actinic radiation cannot pass through openings 
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96 into chamber 94. A fan 112 is situated in chamber 94 to 
circulate air. A separate heating element (not shown) heats 
chamber 94, with chambers 98 and 100 being substantially 
insulated from chamber 94. Chamber 98 and 100 may be 
cooled by provision of a fan or other cooling means; vents 
may be situated at various locations in the apparatus to 
facilitate heat control. Situated on a platform 60 in chamber 
94 are two mold assemblies supported in openings 66 in 
platform 60. Thus, mold assemblies resting in openings 66 
of platform 60 can be exposed to actinic radiation passing 
through windows 96, so that both the top and bottom of the 
molds are subjected to actinic radiation. Further, by heating 
chamber 94, each mold apparatus can be simultaneously 
subjected to controlled heat and actinic radiation. 
UV light sources 102 can be any_source which provide 

ultraviolet radiation in the wavelength range 300-450 nm, 
preferably in the range 360-460 nm. Criteria for selection of 
preferred UV sources are: 1) Fraction of total energy output 
falling in the preferred wavelength range, 2)’ stability of UV 
output as a function of number of hours of use and tem 
perature, and 3) life expectancy of the bulbs. 

Non—limiting examples of UV light sources include those 
manufactured by Phillips Corporation and identi?ed as 
TL/lOR/UVA re?ector lamps, HPM high pressure halide 
lamps, HPA medium pressure metal halide lamps and HPR 
high pressure mercury vapor lamps; a preferred source is a 
Phillips PL-S-9W/l0 lamp. In preferred embodiments, the 
UV source (300—450 nm) is applied during the curing 
process until the resin hardens suf?ciently (approximately 
30 minutes), and preferably the UV source includes elon 
gated tubular bulbs. In some cases, the lenses to be cured are 
placed onto a turntable for rotating the lenses through the 
stream of incident radiation in order to achieve more even 
curing and maximizing the number of lenses which can be 
cast within a given area, while minimizing the number of 
UV sources. Other appropriate UV light sources and con 
ditions for exposure will depend upon the resin composition 
employed and will be apparent to those skilled in the art. 

Curing can also be performed using a “blinking” UV light 
source. Curing with a blinking source tends to slow and 
control the reaction in the early stages and produces an 
optical segment with less variation in consistency. 

Heat or UV, or both, may be applied by any means 
appropriate to the material from which the mold and pre 
formed lens are made. Unlike thermal curing, UV curing 
requires at least one UV transparent surface through which 
the UV radiation can travel to reach the resin monomer 
material. Although the preformed lens provides one trans 
parent surface, fomiing the mold from a UV-transmitting 
material will provide additional transparent surfaces and will 
promote faster, more even curing. Upon application of heat 
and actinic radiation, either a combination of thermal and 
photochemical initiators or a photoinitiator used by itself 
cause the optical resin material to polymerize onto the 
surface of the preformed lens. 

Certain embodiments of the present invention use a 
re?ective surface on the surface of the mold to re?ect 
ultraviolet light back through the lens resin material being 
cured. The mold includes a re?ective surface conformed to 
the casting surface of the mold. The exposed surface of the 
re?ective surface is highly polished to re?ect ultraviolet 
light rays from an ultraviolet light source. The re?ective 
surface may act directly as a molding surface that produces 
an optical quality lens surface or may be ?xed beneath the 
molding surface. 

Preferred resin compositions for use with such a com 
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bined thermal/UV curing process comprise a resin formu 
lation including DEG-BAC or HIRI-II and l—8% by volume 
of at least one photosensitive initiator, such as, but not 
limited to, aromatic ketones, such as 2—hydroxy-2-meth 
ylphenylpropan-l-one or l-hydroxycyclohexyl phenyl 
ketone, which are sensitive to ultraviolet light (the term 
“aromatic ketones” is used herein to describe only those 
aromatic ketones which will act as suitable photoinitiators 
for the subject invention). Other, resins may include allyl 
diglycol carbonates, allylic esters, acrylic esters, acrylates, 
methyl methacrylate, allyl methacrylate, butyl methacrylate, 
polycarbonates, urethanes, and epoxies. 

Particularly for lens manufacturing processes using UV 
curing, a yellow tint may remain in the resulting lens or may 
evolve during aging. This tinting or “yellowing” can be 
reduced by curing the lens material with the addition of 
certain anti-yellowing chemical agents. These include amine 
hindered amine light stabilizers (HALS), optical brighten 
ers, and hindered phenol antioxidants. 

It has also been found that inadvertent post curing and 
additional yellowing or discoloration can occur after a lens 
has been cured by permitting the lens to be subjected to a UV 
curing process longer than desired or inadvertently exposing 
the lens to sunlight or arti?cial light, which includes wave 
lengths of the UV spectrum, during processing or use. 
Additional exposure to UV light produces a continued 
curing eifect because of the remaining UV initiator in the 
formed plastic lens. This can cause the lens to be unduly 
brittle and cosmetically discolored, permitting it to be 
readily fractured and detracting from the normal life or 
commercial sale of the lens. 
The invention described herein can include the use of UV 

inhibitors coated on the surface of the cured lens or absorbed 
into the surface of the cured lens to avoid any. additional 
effect on the UV initiators and to substantially prevent or 
entirely eliminate the transmission of UV light waves into 
the lens. Such processes are further described in co-pending ' 
US. patent application Ser. No. 339,217, ?led Apr. 17, 1989. 
This coating can take the form of anti-re?ective coating, a 
scratch-resistant coating, any tinting coatings, or simple 
wavelength coating which could be basically clear for 
preventing UV wavelengths from being transmitted. Such 
UV inhibitors are well known in the art and need not be 
described in detail herein. It is desirable to have the UV 
inhibitor eliminate all UV light and other wavelengths 
having a wavelength of 450 nm or less and more speci?cally 
between 300-425 nm. 

This treatment process normally involves, after the curing 
steps, simply dipping the cured lenses into a hot bath having 
any one of the coatings mentioned above to coat the surfaces 
su?iciently such that the entire surface of the lens is covered 
with the inhibitor. This dipping process, as well as other 
processes for applying the coatings noted above are well 
known to those skilled in the art. The UV inhibitor can be 
used in solution or otherwise form a composition with the 
coatings discussed above, such that the desired coating 
along with the inhibitor can be applied to the lens in a one 
step process. Some inhibitor may be absorbed into the lens 
material. Other known methods of coating can be used in 
applying the UV inhibitor in the manner described above. 

Prior to lens surface treatment, if any additional hardening 
is required, the lens can be subjected to “post curing”. 
Preferably for post curing, after the thermal and/or UV cure, 
the lens is separated from the mold and subjected directly to 
UV or heat. This post cure using UV and or a thermal source 
will harden the lens material even further should such 
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additional hardness be required. Thermally annealing at 
approximately 185° F. for two to ?ve minutes causes ben 
e?cial surface relaxation effects which reduce surface 
irregularities. 
The recasting method can be used to correct other defects 

in rejected or damaged cast lenses. A defective lens can be 
recast with a thin nonprescription ?lm layer using a mold of 
the same shape to remove the defects, thus decreasing yield 
losses during the manufacturing process. Recasting accord 
ing to this method can be cured in any appropriate manner 
in far less time than the initial casting due to the thin ?lm 
layer to be cured. Furthermore, signi?cant savings can be 
accomplished due to use of less resin material and, elimi 
nation of the need for a conventional optical gasket. 

It has been found that, if one ?rst cures the surface closest 
to the mold-resin interface, a surface layer with an advanced 
level of cure will be established. This partially cured optical 
crust or shell assumes a structural skin that, upon deeper 
curing, maintains and resists mold resin interface curvature 
changes caused by uneven shrinkage. This shrinkage occurs 

~ largely in the matrix between the surface of the mold resin 
interface and the preform resin interface. By establishing 
this external optical shell or layer of enhanced cure, curing 
layers of uneven thickness added to a preform can be 
accomplished with minimal surface astigmatism or irregu 
larity. 
The surface layer can be formed using a number of 

techniques, for example, by controlling the light source or 
light sources which produce different wavelengths or inten 
sities of UV light, use of inhibitors, initiators and various 
combinations thereof. 

This feature of surface curing can be enhanced or con 
trolled by additives to the resin which inhibit UV light. Thus, 
whether different intensity or different wavelengths are 
chosen, the inhibitors facilitate the surface being initially 
cured, impeding the curing of the resin beneath. Additional 
curing of the resin beneath the surface will not occur until 
the intensity, wavelength, or time of UV light is changed 
accordingly to pass through the surface and overcome the 
effect of the inhibitors. 

A similar effect can be accomplished by utilizing a high 
level of a photoreactive initiator which purposely will slow 
the reaction in the bulk. This high level of initiator will cause 
high excitation of the surface due to the initiator concentra 
tion at the surface. By its very nature it will cause the surface 
to cure ?rst and the deeper areas later with time and 
continued light exposure. 

Another similar effect can be accomplished by any com 
bination of the previous mentioned examples so long as the 
optical crust or shell is established ?rst before curing deeper 
layers. 
Once properly cured, the new surface added to the lens in 

this manner can be annealed in an air oven or by submerging 
it in a hot liquid bath. 

Curing a resin cast on the surface of a preform by using 
heat in combination with UV light has been found to have 
several bene?cial effects. It enhances bonding between the 
thin ?lm and the preformed lens. The heat in combination 
with UV apparently increases molecular activity causing 
better interaction at the ?lm lens interface. This makes it 
more likely that bonding will be more uniform across the 
entire surface of the lens. Enhanced bonding is believed to 
be due in part to the enlargement of the voids which pervade 
the surface of a plastic lens at the microscopic level; by 
increasing the resin temperature, the resin has a greater 
chance to ?ll these voids, thereby enhancing the bonding 
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between the two elements. Furthermore, higher tempera 
tures are believed to keep the resin molecules and polymeric 
chains more mobile on the external surface closest to the 
mold, thus providing for a more optically pure surface, more 
consistent in uniformity, regularity of curvature, and a 
higher scratch resistance. 

Often, during curing, the lens blank or preformed lens 
with the mold is rotated in an effort to facilitate curing 
throughout the lens. However, even this approach can pro 
duce uneven curing. It has been found that oscillation can 
result in better curing, particularly at the lens center. With 
rotation, the lens center may be relatively stagnant, resulting 
in greater hardness at the center than elsewhere. Oscillation 
avoids this stagnation since the lens center will move with 
the rest of the lens, thereby avoiding undue disproportionate 
curing. Such oscillation can be used with rotation or inde~ 
pendently thereof. 

It has been found, moreover, that, with certain prescrip 
tions, the preformed lens may have a curvature on its convex 
surface that is somewhat different from that of the lens 
curvature at its distance correction (see FIGS. 5 and 6). 

In using systems for manufacturing lenses by way of 
conventional surfacing, surface casting of thin layers can be 
used. For example, in a system where the semi?nished or 
?nished lens blanks are either injection molded or cast, 
typically the front portion of the lens can have a surface with 
a known power or curvature with the rear surface being 
blank or not of ophthalmic quality. The mold utilized has a 
desired curvature for the front surface of the lens. In the 
preferred embodiment the curvature allows for a multifocal 
progressive or aspheric front surface. The resin is placed into 
the mold, and the ?nished or semi?nished lens blank (having 
been molded by an injection molding process or cast) is then 
placed on the resin such that the resin is drawn and/or forced 
throughout the space or cavity between the mold surface and 
the lens surface. Once in this position, the system is then 
cured until the resin is hardened su?iciently. Then the lens 
blank is removed with the resin being cured onto the surface, 
having an outer surface corresponding to the curvature of the 
mold. 

With this lens blank, all the prescriber need do is, once a 
prescription has been determined, simply ?nish the lens 
back by standard surfacing steps which include grinding and 
polishing the back surface to the desired curvature. No 
further effort is required on the front surface since the 
molding process produces for the surface a lens of optical 
quality. Once the lens is ?nished to desired power and 
optical quality, it can then be edged and placed into the 
frame selected by the user. With this system it is much more 
economical to manufacture, prescribe, and sell lens of 
optical quality than many systems had utilized before, since 
it offers a fast, easy efficient and economical method to 
fabricate lenses or plain blanks without the need to maintain 
a large inventory of different styles, and serni?nished lens 
blanks. 

It has been discovered that resins of higher index of 
refraction added to the front surface reduce multifocal ledge 
surface curves and overall ?nished lens thickness. It has 
been found that, by using a resin of a higher index of 
refraction than that of the single vision lens back, the 
multifocal shelf thickness in the case of a lined multifocal or 
the progressive surface will be less thick, more cosmetically 
desirable, which would facilitate curing of an ophthalmic 
quality lens. The process for making such a lens is the same 
as that discussed above, but with a higher index of refraction 
resin. 
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It has been found, when curing uneven thicknesses of 
resin containing photoinitiators, but not thermal initiators, 
with an actinic radiation source, heat also plays a very 
important role in equalizing the levels of cure over the 
uneven thicknesses. It is believed that heat excites the 
photoinitiators, relaxes the chains and allows for a deeper 
more even cure. One would normally expect thicker sections 
of resin, having been exposed to electromagnetic energy of 
the same wave length, same intensity, and same exposure 
time to have less cure and less hardness than the thinner 
sections. By using heat it has been found this cure differ 
ential can be reduced signi?cantly. 

In a non-limiting example, a ?attop “28” multifocal 
convex mold of 4.50 D containing a resin formulation and 
a preform of 4.57 D (mold assembly), when exposed to an 
ultraviolet light source (Phillips TL/IOR/UVA ?uorescent 
lamp) without heat, was found to have a ?nished surface 
with a Barcol (hardness test) of @77 in the distance section 
where a layer thickness of @0.07 mm is applied. In a +2.75 
D multifocal segment area where @0.63 mm of thickness 
was added, the Barcol measurement could be as low as @60 
(Barcol) when exposed to the same wavelength, same inten 
sity, and same time exposure. However, when applying heat 
of @160U F. during the same UV cycle using a separate heat 
source in addition to the UV wave source used, the Barcol 
measurements will be @85 (Barcol) in the distance (thin 
section added) and @84 (Barcol) in the multifocal area (or 
thick section added). These results were achieved in contrast 
to the non-heated experiment which used the same resin 
having no thermal initiators while not changing any other 
variable with the exception "of adding heat. 

Thus, the addition of heat, which can be provided from, 
by way of non-limiting example, a convective, radiative, 
chemical, conductive, source, can speed up the process and 
achieve-more even cures, and more equal hardness on 
surfaces of unequal thicknesses. Furthermore, it would 
appear, when curing an entire thickness of a lens, heat would 
facilitate a more even cure in areas of the lens where 
thickness is not constant even though a thermal initiator is 
not used. 

To further facilitate description of exemplary embodi 
ments of the invention, the following non-limiting partial list 
of acronyms for certain of the compounds discussed herein 
is provided: 

DEG-BAC diethylene glycol bis(allyl) carbonate 
TTEGDA tctraethylene glycol diacrylate 
TRPGDA tripropylene glycol diacrylate 
TMPTA trimethylolpropane triacrylate 
TFFMA tetrahydrofurfuryl methacrylate 
TFFA tetrahydrofurfuryl acrylate 
HDDMA hexanediol dimethacrylate 
HiRi II combination of bisphenol A diallyl 

carbonate, DEG-BAC and anti-yellowing 
additive available from PPG. 

DPEPA dipentaerythritol pentaacrylate 
BADC Bisphenol A diallyl carbonate 
MMA methyl methacrylate 
BMA butyl methacrylate 
PMA propyl methacrylate 
PTETA pentaerythritol tetraacrylate 

Resin formulations useful in the casting of plastic optics 
have generally included acrylic or allyl esters, which 
undergo addition polymerization, or include polyurethanes 
and epoxies which are formed by condensation polymeriza 
tion. Resin formulations which may undergo addition poly 
merization commonly use allyl and bis(allyl) carbonates, 
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alone or in combination with additives, such as acrylic acid, 
and difunctional or trifunctional acrylics, such as ethylene 
glycol diacrylate or dimethacrylate or trimethylolpropane 
triacrylate (for example, HiRi II is a commercially available 
resin formulation which is commonly used to form optics). 
Resins which undergo condensation polymerization include 
mixtures of isocyanates and hydroxylated compounds, 
which form polyurethanes upon polymerization. Generally, 
thermal or photochemical polymerization initiators must be 
combined in the resins to form a hardened optic. 

Resins which are polymerized through the mechanism of 
addition polymerization generally undergo substantial 
shrinkage during curing; for example, both methyl meth 
acrylate, MMA, and the bis(allyl) carbonate known as 
CR-39 shrink about 15-20% upon polymerization. Conven 
tional optic casting processes accommodate this shrinkage 
through the use of compressible gaskets in a mold assembly. 

It is possible to reduce the polymerization shrinkage of 
CR-39 based resins by incorporating polymeric additives, 
which remain blended with the monomeric components 
throughout the polymerization process; for example, a co 
polymer of MMA and allyl methacrylate has been used as a 
diluent to CR-39. However, these additives reduce the 
cross-link density of the ?nal cast optic, thus leading to 
reduced scratch resistance. Nevertheless, even resins with 
additives which reduce shrinkage during polymerization, 
still shrink to a substantial degree, necessitating the use of 
gaskets during the casting process; this renders the resin 
unsuitable for surface casting a single vision, multifocal or 
progressive optic on the top of a preformed spherical optic. 
A ?rst embodiment of the present invention overcomes 

the above-mentioned de?ciency by providing a resin having 
su?icient viscosity to support a preformed optic in correct 
spaced relationship above a mold in order to maintain a 
minimum resin layer thickness and also allows for relative 
movement of a preformed optic with respect to a mold so 
that the resin can shrink during curing. It has been found that 
viscosity in the range of 25 and 130 centistokes, cst, pref 
erably between 35 and about 120 cst, is required for opti 
mum behavior; resins having viscosities outside of the 
preferred range will produce an unacceptably high amount 
of lenses which are not suitable for commercial ophthalmic 
use. This resin viscosity may be achieved by mixing mono 
mers of appropriate viscosities or by adding solid or liquid 
high viscosity additives to a resin formulation, which is 
otherwise optimal for molding optics or surface casting 
applications; such monomers or additives will be referred to 
herein as viscosity control agents. Resins formulated with 
polymeric additives are required to be modi?ed through the 
addition of cross-linking agents which have high reaction 
functionalities; this leads to high cross-link densities to 
compensate for the decrease in overall cross-linking brought 
about by the polymeric additives. 

In a second embodiment, the casting process of the 
present invention may also utilize spherical preforms which 
have been surface treated with a polymerizable silanc in 
order to develop a strong interpenetrating polymeric net 
work for enhanced bond strength between the polymeric 
layer cast onto the surface (surface cast) and the preform 
(substrate). 
The resin formulations and the curing processes described 

herein may also be used to cast optics without using any 
optical preform by simply placing a preferred resin formu 
lation between two molds which transmit actinic radiation, 
and con?ning the mixture by using a suitable gasket. The 
relatively high viscosity of the resin formulation (preferably 
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between 35 and 90 cst at 35° C.) will ensure that rate of 
initiation controlled by di?usion rates is manageably low, 
leading to a uniform cure without excessive release of heat. 
Therefore, the latter stages of the cure process can be carried 
out at a higher temperature, leading to a harder, more scratch 
resistant optic. 

This can be achieved by activation or hydrolysis of the 
surface of a preform, followed by reaction with an agent 
capable of increasing bond strength between the preform 
surface and a resin cast onto the surface. For example, a 
conventional preform or a preform made of a resin of the 
present invention can have its surface treated with an alkali, 
such as aqueous sodium hydroxide, followed by reaction 
with a solution of acryloxypropyltrimethoxysilane acidi?ed 
with dilute acetic acid. 

Preferred resin formulations include a base component, 
cross-linker, viscosity control agent, and initiator. The func 
tion of the base component is to form a clear optic, and also 
may serve to solubilize and compatibilize the other compo 
nents. The reactivity of the base component controls the time 
required for forming .a cast optic with the resin. The pre 
ferred cross-linker has the highest polymerization reactivity 
of the resin ingredients, enhances cross-link density in the 
system, increases scratch resistance, and improves impact 
properties of the resultant optic. The preferred viscosity 
control agents generally have the lowest polymerization 
reactivity in the system, and have the added bene?t of 
improving the scratch resistance of the resultant optic, and 
may increase refractive index, provide easy mold release, 
and promote good bonding between the surface cast and the 
substrate. 

The preferred resin formulations of the present invention 
are optimized for high refractive index, scratch resistance, 
and casting characteristics needed for surface casting appli 
cations, and are also useable in casting whole lenses or 
semi-?nished blanks. Certain embodiments of the present 
invention include additives which modify the properties of 
the resin or resultant optic. For example, mold release agents 
may be added to facilitate removal of the ?nished optic from 
the mold. Other additives may improve the bonding between 
the preformed optic and the cast-on layer of resin. 

Preferred resins comprise about 50—90% by weight of 
base component, about 5—25% by weight of cross-linker, 
about 05-20% by weight of viscosity control agent and 
about O.5~6% by weight initiator. 

Suitable base components include allyl-containing com 
pounds, such as DEG-BAC and BADC, acrylics, such as 
MMA, BMA, and PMA, acrylic terminated polyurethane 
oligomers derived from aliphatic isocyanates, and aliphatic, 
alicyclic, or aromatic hydroxy derivatives ranging in 
molecular weight from 800—5,000, acrylic terminated gly 
cidyl etlrers, or acrylic temrinated esters. 

Preferred cross-linkers include tetrafunctional and pen 
tafunctional acrylics, such as PI‘ETA and DPEPA, and 
trifunctional acrylics, such as TMPTA. The tetrafunctional 
and pentafunctional acrylics are preferred since they can 
produce the highest cross-link density with reduced shrink 
age levels. It is believed that the pentaerythritol moiety 
undergoes a conformational transition during polymeriza 
tion, which increases molecular volume to offset polymer 
ization shrinkage. 

Preferred viscosity control agents include a co-polymer of 
MMA and allyl methacrylate (such as Luchem from PPG), 
PMMA molding powder, and ?ne mesh silica or fumed silica 
(such as Cab-o-sil from Cabot). Fumed silica is not only 
effective for controlling viscosity, but enhances the optical 
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clarity and transparency of the optic, and improves scratch 
resistance. 

In fact, in yet another embodiment of the present inven 
tion, optical lenses having improved scratch resistance, are 
formed using a resin containing about 50-90% by weight of 
base component, about 5—25% by weight of cross-linker, 
about 0.5—3.0% by weight of fumed silica or ?ne mesh 
silica, and about 0.5~6% by weight initiator. 

Certain polymeric viscosity control agents, such as 
Luchem and PMMA molding powder, may lower the scratch 
resistance of the ?nished optic; thus, if high scratch resis 
tance is desired in the ?nished optic, the proportions used 
should be carefully monitored, or fumed silica or another 
viscosity control agent which does not adversely effect 
scratch resistance should be used. 

Suitable mold release agents include, but are not limited 
to acrylic terminated siloxanes or per?uoroalkyl derivatives; 
preferably the mold release agents have a low polymeriza 
tion reactivity; a non-limiting example of such a per?uoro 
alkyl is FX-l3, available from 3M Corporation. It is pre 
ferred that such per?uoroalkyl derivatives and/or acrylic 
terminated siloxanes do not exceed 0.3% of the resin com 
position; it is believed these compounds migrate to the 
surface of the mold during polymerization, providing mold 
release properties to the optic. 

In certain embodiments, it is desired to use polymerizable 
additives as a component of the resin formulation which 
render the surface of the resulting optic antire?ective. It is 
known that presence of a thin surface layer having a refrac 
tive index which equals the geometric mean of the refractive 
indices of the convex side of the optic and air renders the 
optic antire?ective. It is necessary to rigorously control the 
thickness of such layers in order to achieve the desired level 
of antire?ective character. For optimum effect, the thickness 
of this surface layer should be one half the wavelength of the 
light whose re?ection is desired to be extinguished, i.e., a 
layer of 0.3 microns thickness will extinguish the re?ection 
of radiation of wavelength 600 nm. Certain per?uoroalkyl 
acrylates or methacrylates which have refractive indices in 
the range of l.27—1.28 will serve as an antire?ective front 
layer when placed on a resin of refractive index in the range 
of 1.62-1.68. 

In a preferred embodiment, either a single or a combina 
tion of two per?uoroalkyl methacrylates are added to the 
resin formulation. When more than a single acrylate deriva 
tive is added, the two monomers should be selected to be 
different in solubility in the resin formulation and refractive 
indices, ensuring that the monomer with the higher refrac 
tive index has greater solubility. The difference in refractive 
indices should be approximately 0.02 units. A preferred 
monomer to develop such an antire?ective surface layer is 
per?uoroheptyl methacrylate, PFHMA (refractive index of 
polymer: 1.28). In a non-limiting example, PFHMAis added 
to an acrylic terminated polyurethane oligomer formulation 
consisting of 30—70% by weight oligomer 10—18% of a 
diacrylate diluent, such as tetraethylene glycol diacrylate 
(TRPGDA), 3—6% of a cross-linker such as DPTPA, and 
2—5% of a photoinitiator, such as DAROCUR 1173. The 
desired concentration of the per?uoroacrylate is found to be 
in the range 100—1000 ppm, su?icient to form a thin surface 
layer as needed. During polymerization, the per?uoroacry 
late monomer survives through the initial reaction, owing to 
its relatively low polymerization reactivity, and migrates to 
the surface of the polymerizing resin. The per?uoroacrylate 
monomer ultimately polymerizes in the surface, forming the 
surface layer needed for antire?ectivity. It is also known that 
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this and other similar per?uoroacrylate monomers provide 
mold release properties to the optic, hence no additional 
mold release agent needs to be added. Indeed, addition of a 
mold release agent which will also migrate to the surface of 
the optic during polymerization may negate the effect of the 
antire?ective surface layer. 

In another embodiment of the process, the per?uoroacry— 
late monomer with antire?ective properties can be surface 
cast on the optic in a second casting process. 

Preferred photoinitiators include aromatic ketones, such 
as 2-hydroxy-2-methylphenyl propanone (sold as Durcure 
1173 by EM Industries of Hawthorne, N.Y.), and l-hydroxy 
cyclohexylphenyl ketone (such as Irgacure 650 and Irgacure 
184 available from Ciba Geigy; note slightly more Irgacure 
than Durcure by weight may be required to achieve the same 
result). 

Preferred resin compositions are readily photocured in 25 
minutes or less when cast in a layer on the surface of a 
preform (known as surface coating, surface bonding, or 
surface casting”), and are cured in one hour or less when 
cast to form wh'ole lenses or semi-?nished blanks. Acrylic 
base components have a high polymerization reactivity, and 
can be photocured in 5 minutes or less in surface casting 
applications and in 20 minutes or less in casting whole 
lenses or semi-?nished blanks. 

In a preferred embodiment, the polymerization process is 
controlled by adjustment of key process parameters, such as 
(1) duration of exposure to UV or other actinic radiation 
source, (2) the temperature pro?le of the curing assembly 
throughout the cure process, and (3) adjustment of volume 
of resin used depending on the mold, preform, preform 
diameter, and the desired prescription. Concentration of 
oxygen and other polymerization inhibitors in the system, 
and the light transmission properties of the resin formulation 
and the mold assembly are also important in controlling the 
rate of polymerization. 

In a preferred embodiment of the present invention, 
superior results are achieved by developing a non-uniform 
polymerization pro?le throughout the surface cast. For 
example, a higher cross~link density can be formed at the 
interface of the mold and the resin than at the interface of the 
surface of the preform and the resin. This provides for 
increased scratch resistance on the surface of the resulting 
optic, and also contributes to increased bond strength 
between the resin and the precast optic surface. 

It is believed that, when the surface cast is too thin, poor 
bonding may result as a result of too high a degree of 
cross-linking of the polymeric layer cast onto the surface of 
the preform. Furthermore, if the layer cast on the surface is 
too thin, uniform tinting may not be possible. 

It is also believed that a lower cross-link density at the 
interface between the polymeric layer and the preform may 
contribute to better adhesion between the surface cast and 
the substrate. The bonding of the surface cast to the substrate 
may also be improved by adding adhesion promoters, such 
as cellulose acetate or cellulose acetate butyrate to the 
uncured resin formulation. Bonding may also be improved 
by using a spherical single vision preformed optic, which 
has been pretreated with a polymerizable silane, such as an 
acrylic terminated silane (e.g., acryloxytrimethoxysilane); 
such a treatment leaves polymerizable acryloxy groups 
permanently bound on the surface of the preform, which 
may participate in a curing reaction and allow a chemical 
bond to develop between the preform and the surface cast. 
It is also possible to roughen the preform surface in order to 
enhance bonding to a photopolymerizable resin. 
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A preferred process for curing of the optical resin of the 

present invention involves photopolymerization via care 
fully controlled exposure to heat and actinic radiation. 
Preferred results are achieved when the resin, contained in 
a mold apparatus (comprising either an upper and lower 
mold, or a lower mold and a preformed optic), is exposed to 
actinic radiation having a wavelength range within the 
absorption band of the photoinitiator, and the intensity of the 
radiation and duration of exposure is adjusted to control the 
rate of polymerization. 

Non-limiting examples of suitable actinic radiation 
sources include high pressure mercury arc lamps or coated 
?uorescent lamps (such as those available from Phillips); 
vsuch lamps have a relatively high output of longer wave 
length UV radiation (380-420 nm) and a relatively low 
output of medium wavelength UV radiation (330-380 nm). 
Improved results are obtained by insuring that the bulk 

resin (in contrast to resin at the mold-resin interface) is cured 
in a relatively homogenous manner, and by maintaining a 
constant chain initiation rate subsequent to the formation of 
a highly cross-linked surface layer next to the mold. Con 
sequently, it is desirable, and a key objective of a preferred 
embodiment, to maintain the chain initiation rate within a 
relatively narrow range throughout the cure process. Thus, 
in a preferred embodiment, it is desired to start the cure 
process at a relatively low actinic radiation level; this is 
because it is believed that the e?iciency of formation of 
initiator radicals is highest at the beginning of the cure 
process. The rate of chain initiation is a function of the 
product of the concentration of initiator radicals and the rate 
of encounter of these radicals with polymerizable function 
alities. Chain initiation is dependent on the number of 
photons absorbed by the initiator per unit time, while the rate 
of encounter of radicals with polymerizable functionalities is 
controlled by (l) the reactivity of the radicals, (2) the 
reactivity of the polymerizable group encountered, and (3) 
the viscosity of the resin. 

It is to be understood, though, that the invention is not to 
be limited by any particular theory or mechanism of the 
polymerization reaction. 

Since viscosity of the resin is lowest at the beginning of 
the polymerization process, it is easier for free radicals to 
diffuse and react with polymerizable functionalities during 
the early part of the curing process, which leads to an 
increased rate of polymerization; the rate of polymerization 
is further increased at the beginning of the cure process, 
since the most reactive functionalities react ?rst. 

Therefore, when thicker lenses or layers of uneven thick 
ness are to be cured, it is desirable, and necessary in certain 
instances, to use an interrupted actinic radiation ?ux at the 
beginning of the cure process; this can be provided by using 
a timer switch or a chopper to control the actinic radiation 
flux. Such a blinking light source reduces overall light 
intensity at the beginning of the cure process and also 
reduces the waste of initiator radicals by suppressing the 
radical-radical’ recombination process. Generally, the blink 
ing is only necessary for about the ?rst 2-8 minutes, 
preferably the ?rst 5 minutes, of the cure process. Blinking 
beyond the ?rst 8 minutes is not necessary, but an acceptable 
lens will still be formed if blinking is continued for longer 
periods. However, unnecessary blinking may slow down the 
reaction. 
The temperature of the mold assembly has also been 

found to be an important process parameter, and improved 
results are obtained by controlling the temperature of the 
mold assembly during curing. It is believed that the tem 






















